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THE EQUATION OF STATE OF HF UNDER SHOCK COMPRESSION 

Laurence E. Fried and W. Michael Howard 
Lawrence Livermore National Laboratory 

University of California 
Livermore, CA 9455 1 

We develop a model of chemical equilibrium mixtures containing the elements H, C, F. We show 
that the shock response of a wide variety of molecular and polymeric fluorocarbons can be modeled 
as a chemical equilibrium mixture of a small number of dissociation product molecules. HF is known 
to strongly associate in the supercritical fluid phase. We predict that such an association also occurs 
under shock conditions. 

INTRODUCTION 

Many organic materials decompose into a chemical 
equilibrium of small molecules under shock condi- 
tions. Notable examples are the dissociation of Ns 
into atomic N at pressures upward of 30 GPa[ 11, and 
the dissociation of hydrocarbons into solid carbon, 
hydrogen, and a variety of simple hydrocarbons[2]. 
Morris et al.[3] have performed recovery experi- 
ments on shocked polyethylene, and found that dis- 
sociation to Hs and a mixture of hydrocarbons oc- 
curs at pressures exceeding 19 GPa. The generality 
of this phenomenon, however, has not been fully es- 
tablished. 

In the present paper, we argue that fluoro- 
carbons undergo a similar dissociation process. 
There is some experimental evidence to support 
this assumption. Recovery experiments on shocked 
polytetrafluoroethylene[ll] (PTFE, commonly known 
by the commercial name Teflon) have indicated the 
onset of decomposition at pressures exceeding 34 
GPa. Given the well-known stability of PTFE, it is 
likely that most other organics will undergo similar 
decompositions when shocked. 

METHOD 

Chemical equilibrium is found using the Cheetah 
thermochemical code[5]. Gibbs’ conditions for 
chemical equilibrium are solved along with mass 
balance and two additional equations specifying the 
thermodynamic state (i.e. the desired pressure and 

temperature). 
The fluid is modeled as a mixture interacting with 

the potential energy function 

V(r) = --&[6&+r/rm) (1) 

-&n/r>6] ;r>r, 
V(r) = 00 ;r<_r, (2) 

Here, E is the depth of the attractive well between 
particles, r, is the position of the potential well min- 
imum, and cr controls the steepness of the repulsive 
part of the potential. r, is defined as the position 
of the potential maximum. The “hard core” is cus- 
tomarily added for distances less than r, to avoid 
the unphysical singularity in the potential function 
as r -+ 0. The HMSA/MC equation of state[6] was 
used to describe the excess free energy. 

DETERMINATION OF MODEL PARAME- 
TERS 

We use a modified Murnaghan equation of state as 
follows: 

V = Vo[mP + exp{ --Q(T - To)}]- l/n (3) 

V, is the molar volume when P = 0 and T = To. K. 
is the inverse of the isothermal bulk modulus. Ta is 
the temperature of the reference isotherm, taken to be 
298.15 K here. Q is the volumetric coefficient of ther- 
mal expansion. n is the derivative dB(P, To)/dP, 
where B is the bulk modulus. 



A complete equation of state for the free energy in two distinct ways suggests that CF4 may have 
may be derived once the isobaric heat capacity C, at an unusually steep repulsive potential energy sur- 
1 ATM is specified. We use a simple Einstein oscil- face. We next determined the CHsFa parameters by 
lator model for the heat capacity: matching static compression data. 

HF is known to strongly associate, in the gaseous, 
liquid, and fluid phases. We have determined a sim- 
ple HF association model that matches both high and 
low pressure data. There is insufficient experimental 
data on HF to uniquely determine the exp-6 param- 
eters of each associated species. Instead, we use the 
following simple rules to relate the properties of the 
clusters to that of HF: 

(4) 

Thermodynamic integration of Eq. 3 along with Eq. 4 
leads to a simple analytical form for the free energy. 
Parameters used are given in Table 1. 

Phase I/o (Y B n 
graphite 5.29 0.23 33.8 8.9 
diamond 3.42 0.02 441.5 4.0 
liquid 7.07 0.23 11.0 4.0 

Phase AH, A& 8 
graphite 0.0 5.74 1280 
diamond 1.9 2.36 1411 
liquid 90.0 27.5 1280 

Table 1: Parameters for the carbon equation of state. 
V, is expressed in cc/mol, o is in units of 10e4Ke1 1 
B is in GPa, AHa is in kJ/mol, and ASa is in J/mol- 
K, and theta is in degrees K. 

We now specify the sources of experimental data 
used in the calculations that follow. The shock 
Hugoniot data for polyethylene, n-hexane, cyclo- 
hexane, benzene, PVF2, and PTFE comes from 
Marsh[7]. We use static compression data for 
CHsF2[8], HF[9], CzH4, CH4, and &Ha. Exper- 
imental shock Hugoniot data are plotted with an esti- 
mated 1% error bar in the volume, unless the author 
specified an error bar, in which case that value was 
used. 

We next discuss the fluorocarbon model. To our 
knowledge, high pressure equation of state measure- 
ments have not been performed on Fs. We use exp-6 
parameters for Fs estimated by Zerilli and Jones[lO]. 
We considered the shock behavior of PTFE in or- 
der to determine parameters for CF4. We predict 
that PTFE decomposes into a fluid phase composed 
mostly of CF4, and carbon in the diamond phase. 
We found an unusually high value of the potential 
steepness parameter (Y. We note that Zerilli and 
Jones[lO] also obtained a very steep potential for 
CF4 by spherically averaging a Lennard-Jones po- 
tential. The fact that steep potentials were obtained 

rrn,N = N1/3T,,, 
EN = El 

CYN = CXl 

AHo,N = NAHo,t + (N - l)AH, 

A~o,N = NASo,r -I- (N - l)AS, 

Here, N is the cluster size. AHO,N is the heat of 
formation of the cluster, and AH, is the enthalpy of 
transition from the monomer to the cluster. ASO,N 
is the standard enthalpy of the cluster, and AS, is 
the entropy of transition from the monomer to the 
cluster. 

The motivation for the cluster model is to de- 
termine the simplest possible model that will match 
both the low pressure static compression of super- 
critical HF, and the shock Hugoniot of PVF2. The 
current model succeeds in this regard, although we 
cannot claim that the description of individual clus- 
ter species is quantitatively accurate. We have found 
that it is possible to match the shock Hugoniot of 
PVF2 without the association model, but the static 
compression requires an explicit treatment of associ- 
ation. 

An important consideration in constructing the 
cluster model is which species (N values) to include. 
The JANAF compilation includes estimated standard 
state thermodynamic parameters up to N = 7. Suc- 
cessful equation of state models of HF have been 
derived based on monomer and hexamer species 
alone[ 1 I]. We found that this approach could match 
the static compression data to within 5%, while the 
present model is accurate to within 2%. It would 
be possible to include higher cluster species in the 
present model, but it is not known whether such 
species are actually produced in any significant quan- 
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tity. We therefore decided to limit our model to only 
those clusters described by JANAF. ~ 

The JANAF compilation provides estimates of 
AH~,N and Asa,~. We found that adjusting their 
values slightly (by roughly 5 kJ/mol in AH, and 
0.003 kJ/mol-K in AS,) was necessary to reproduce 
measured isotherms accurately. We found that us- 
ing AH, = -32.6 kJ/mol and AS, = -0.106 
kJ/mol matched the data well. Parameters for the HF 
monomer are given in Table 2. 

Species 
HI 

CH4 

C2H6 

C2H4 

F2 
HF 
C&F2 
CF4 

rm@) db (K) a 
3.502 19.7 12.072 
4.316 138.8 12.356 
4.820 239.7 14.267 
4.682 203 .O 12.597 
3.800 92.2 13.000 
3.716 339.0 13.464 
4.718 256.2 13.000 
4.939 239.3 15.496 

Table 2: Exponential-6 potential parameters for 
species contained in the supercritical fluid phase. 

We show the calculated isotherms of HF in Fig- 
ure 1. The calculated shock Hugoniot of PVF2 is 
shown in Figure 2. The HF model is seen to work 
equally well in the experimental pressure range of 
0.01 to 75 GPa. We next consider the chemical con- 
centrations predicted by our model. In Figure 3 we 
show the concentrations of the predominant species 
along the shock Hugoniot of PVF2. We predict 
that PVF2 dissociates into a fluid phase containing 
mostly HF clusters, and a solid phase containing di- 
amond. Hs is seen to be present in significant, al- 
though smaller, quantities. The chemical concentra- 
tions are predicted to be roughly constant along the 
shock Hugoniot, with significant changes with pres- 
sure seen only in the minor species ((HF)G, CF4). 

hf 

2 4 6 8 IO 12 14 
V (cdgm) 

Figure 1: Measurements of the isotherms of HF at 
543, 553, 563, and 573K (points) are compared to 
calculations of the present model (lines) 

Since HF is present in the most highly associated 
form included in our model, it is possible that further 
association into a polymeric phase may be thermo- 
dynamically favorable. This is outside the scope of 
the present exp-6 model with effective spherical par- 
ticles. Our calculations suggest that the shock Hugo- 
niots of PVF2 and other fluorocarbons may provide 
valuable insight into the high pressure equation of 

,0t I I I I I A. 1 

0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35 
V (cdgm) 

Figure 2: Measurements of the shock Hugoniot of 
PVF2 (error bars) are compared to calculations of the 
present model (line) 
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Figure 3: Predicted chemical concentrations along 
the reactive shock Hugoniot of PVF2. 

state of HF. 

CONCLUSION 

In the present paper we have presented a reactive 
model of fluorocarbons based on a single supercrit- 
ical fluid phase in equilibrium with carbon. The 
model was calibrated to a wide range of existing ex- 
perimental static and shock data. Where sufficient 
data existed, we demanded that the model match 
both static and shock experiments. Our success in 
this regard here and in prior work[6] suggests that 
shock and static data may be successfully combined 
in a sufficiently general equation of state framework. 
Further work in extending this approach to a wide 
range of common molecules is underway. We hope 
that the eventual result will be a broadly applicable 
model of the equation of state of reactive supercriti- 
cal fluids. 

Our ability to model the behavior of shocked flu- 
orocarbons helps to unify data that was previously 
apparently unrelated; the behavior of this class of 
materials under shocks over 35 GPa are now related 
to the properties of a small set of simple decomposi- 
tion products. The decomposition model has allowed 

us to extract useful high pressure equation of state 
data on HF from the shock response of chemically 
inert materials such as PVF2 and PVC. Since direct 
high pressure experimentation on HF is difficult, the 
data may be of use to other workers. 
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